In a previous whole exome sequencing of patients from 41 families with Hodgkin lymphoma, we identified two families with distinct heterozygous rare coding variants in POT1 (D224N and Y36H), both in a highly conserved region of the gene. POT1 D224N mutant did not bind to a single-stranded telomere oligonucleotide in vitro suggesting the mutation perturbs POT1's ability to bind to the telomeric G-rich overhang. Human HT1080 cells expressing POT1 D224N and lymphoblastoid cells carrying Y36H both showed increased telomere length and fragility in comparison to wild type cells. This strongly suggests that mutant POT1 causes chromosome instability and may play a role in lymphomagenesis in these families.
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Classical Hodgkin lymphoma (HL) is a lymphoproliferative malignancy of B cell origin with an age-adjusted incidence in the United States of 2Á6/100 000 (Howlander et al, 2016) . Aetiological clues about HL are suggested by (i) the bimodal age distribution, with one peak occurring in young adulthood and a second peak after age 50 years, (ii) elevated risk in males, (iii) elevated risk in individuals with higher socioeconomic status and from smaller families, (iv) the occurrence of Epstein-Barr virus in HL tumour cells and (v) strong familial risk (Caporaso et al, 2009) . We previously analysed data from registries in Scandinavia and found significant familial aggregation of HL (Goldin et al, 2004) . The human leucocyte antigen (HLA) region on chromosome 6 has been associated with HL (McAulay & Jarrett, 2015) and other loci have been identified through genome-wide association studies [reviewed in (Kushekhar et al, 2014) ]. Identification of genes with major susceptibility effects has been more difficult although a few rare variants have been identified in single families (Salipante et al, 2009; Saarinen et al, 2011; Ristolainen et al, 2015) . We recently conducted whole exome sequencing (WES) in HL families and identified a mutation in KDR (kinase insert domain receptor) associated with disease in two families (Rotunno et al, 2016) .
Germline mutations in genes of the shelterin telomere protection complex have been identified in several familial cancers. Notably, germline and somatic mutations have been reported in the key telomere biology gene, POT1 (protection of telomeres 1). POT1 germline mutations have been found in high-risk families with melanoma, colorectal cancer, glioma, Li-Fraumeni like syndrome, and chronic lymphocytic leukaemia [reviewed in (Jones et al, 2016; Speedy et al, 2016) ]. Both germline and somatic deleterious mutations tend to be concentrated in the oligonucleotide/oligosaccharide-binding (OB) folds of POT1, regions which are critical to its binding to the single-stranded telomeric DNA and telomere maintenance (Gu et al, 2016) . Here, we demonstrate that two HL families have mutations in POT1 and demonstrate functional consequences of POT1 mutations in vitro and in vivo.
Methods
We conducted WES in 41 families with at least two HL patients (21 with 3-5 HL patients sequenced and 20 with 2 HL patients sequenced) that were participants in an Institutional Review Board approved (NCI-02-C-0210) family study. Clinical, laboratory and informatics methods have been previously described (Rotunno et al, 2016) and details can be found in Appendix S1. Our familial patients had, on average, earlier age of onset and were more likely to be nodular sclerosis subtype (data not shown). Briefly, we sequenced patients and obligate carriers from our families and then filtered high quality variants to keep only nonsynonymous variants segregating in patients and obligate carriers and found in less than 1% of European populations using publicly available databases. We used 600 in-house cancer-free control samples from the Prostate, Lung, Colon, and Ovarian (PLCO) and Cancer Prevention Study II (CPS-II) cohorts as another source of allele frequencies.
Results and Discussion
In our original study, we identified one mutation in KDR segregating with HL in two HL families (Rotunno et al, 2016) . Complete results can be found in Rotunno et al (2016) . In the course of our WES study, we identified one HL family ( Fig 1A) in which all 4 patients were carriers of the POT1 variant encoding p.Asp224Asn (D224N), which had been previously reported in an American melanoma family (Shi et al, 2014) . Given the importance of POT1 in cancer, we looked for other POT1 mutations in our HL families. Both of the patients in another HL family ( Fig 1B) were carriers of the POT1 variant encoding p.Try36His (Y36H). A first cousin with testicular cancer was not a mutation carrier. The patients all had teenage to young adult onset (age 18-31 years, average = 22Á5; Fig 1) . In addition, all 6 patients had the nodular sclerosis subtype. The mutation status of carriers was verified by Sanger sequencing. Both mutations are rare and in highly conserved regions (Table SI) . The POT1 D224N variant has a frequency of 7Á5 9 10 À5 in the Exac Non-Finnish European population and the POT1 Y36H variant was not seen in any database. Neither variant was present in our 600 laboratory control subjects. The unaffected father of the two patients is a mutation carrier, suggesting that the mutation is associated with incomplete penetrance for HL. Most programs predict the POT1 D224N variant to be deleterious, whereas predictions for the POT1 Y36H variant vary. No other rare coding variants among the shelterin complex genes (including TRF1, TRF2, TERF2IP, TINF2 and ACD) were identified. Because the POT1 D224N variant was also associated with melanoma in one family, located in the OB2 region of the gene, and predicted to be deleterious, we conducted several functional studies of this mutation. POT1 Y36H and Y36N have both been reported in about 5% of CLL tumours (Ramsay et al, 2013; Landau et al, 2015) , and functional studies have been reported for Y36N (Ramsay et al, 2013; Gu et al, 2016) . Thus, we conducted a more limited study of POT1 Y36H. The impact of the POT1 D224N variant on telomere maintenance was determined by various assays, described previously (Shi et al, 2014) and in Appendix S1. We found that both the wild type and mutant POT1 alleles are expressed in the carriers' peripheral blood mononuclear cells (PBMCs) ( Figure S1 ). POT1 directly binds to single-stranded telomeric G-rich overhang via its N-terminal OB1-and OB2-fold domains. POT1 can also be recruited to double-stranded telomeres via interaction with TPP1 that occurs at its C-terminus. While POT1 p.D224N can be detected at telomeres in human cells ( Figure S2 ), it does not bind to the singlestranded telomere oligonucleotide in vitro (Fig 2A) . These data suggest that this N-terminal OB-fold mutation perturbs POT1' ability to bind to the telomeric single-stranded G-rich overhang, but retains its localization to doublestranded telomeres via POT1-TPP1 interaction. To investigate the impact of the POT1 D224N variant on telomere length in vivo, we examined telomere length in PBMCs from the carriers and non-carriers of the variant by telomere restriction fragment analysis. Our PBMC data are not conclusive which could be due to prior treatment in patients and overall population variability. Nevertheless, the introduction of exogenous POT1 p.D224N into the human fibrosarcoma HT1080 cells leads to telomere lengthening during prolonged culture as shown by telomere restriction fragment analysis (Fig 2B) and telomere-fluorescence in situ hybridisation (FISH) (Fig 2C,D) . The expression of exogenous POT1 is confirmed by immunofluorescence ( Figure S2 ) and Western blot ( Figure S3 ). Moreover, both the HT1080 cells and PBMCs expressing the affected POT1 residue show increased telomere fragility, compared to wild-type (WT) POT1 (Fig 2C,D) , indicative of telomere replication defects in the mutant. Similarly, telomere-FISH revealed significantly increased telomere signal intensity and fragility in the POT1 Y36H carriers' lymphoblastoid cells, compared to age-matched WT control ( Figure S4 ). These results demonstrate that POT1 D224N and Y36H variants perturb POT1 function and thus telomere maintenance, including telomere over-lengthening and defective telomere replication in these patients.
Of note, telomerase activity was comparable in HT1080 cell lines expressing POT1 WT and p.D224N ( Figure S5) . Also, the telomere dysfunction-induced damage foci (TIF) were not significantly increased in PBMCs and HT1080 cell lines expressing POT1 p.D224N ( Figure S6 ), which supports the fact that carriers' PBMCs can be sufficiently activated in culture for the above experiments.
In summary, we have identified two high-risk HL families with germline mutations in POT1. Both mutations are located in the OB folds of POT1, which binds to the telomeric 3 0 -overhang, and negatively regulate its access by telomerase (Gu et al, 2016) . Here we report the POT1 D224N variant in 3 siblings and a parent with HL. This may be a more general cancer susceptibility mutation since we previously reported 4/5 melanoma patients in one pedigree to be carriers of the variant (Shi et al, 2014) . Among other cancer cases sequenced in our laboratory, the mutation was detected in a patient with bladder cancer who had a family history of bladder cancer. Our functional studies show that the POT1 D224N variant is expressed in the PBMCs of carriers and is probably deleterious since it disrupts POT1 from binding with the telomeric overhang and leads to telomere lengthening and fragility. We showed that POT1 Y36H is also characterized by similar telomere changes.
As mentioned above, this variant and another at the same site (Y36N) were reported to be mutated in CLL tumours (Ramsay et al, 2013) with Y36N showing functional consequences (Gu et al, 2016) . Our study has limitations. To date, sequencing and other genetic studies of HL have identified only a small number of loci that may account for familial HL. Since these account for illness in only a few families, additional loci are likely to be discovered. In fact, other variants could be important in these two families. Tables SII and SIII list all other rare, exonic, high quality variants that were shared among patients within each family. Given that Family 2 only has two patients, there are many other variants shared among them. Our families do not show increased sharing among HLA loci although the experimental platform we used cannot evaluate this region adequately. Since only 2 HL families were identified with POT1 mutations, it is not possible to address questions about disease risk associated with POT1 mutations. Nevertheless, the finding of deleterious germline mutations in POT1 in two HL families shows that disruption of telomere maintenance may operate in the pathway to HL. 
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Appendix S1. Sequencing methods. Detection of telomerase activity in HT1080 cells expressing POT1 WT and p.D224N at the indicated passages (P). A serial dilutions of the control templates TSR8 were used to generate standard curve (upper panel), and the telomerase activity of individual samples was calibrated with TSR8. Two independent experiments were performed. N.S: not significant. Fig S6. Detection of TIF foci in PBMC and HT1080. Cells were immunostained with anti-c-H2AX antibody and anti-TRF2 (for PBMC) or anti-Flag (for HT1080) antibody. c-H2AX foci at telomeres were used to monitor the number of TIF foci. All the TIF positive (+) cells display <5 foci. Error Bar: Standard deviation.
